According to these studies, the electrochemical reduction of uranyl ion in bicarbonate solutions resulted in the formation of U(IV), which was generated by the disproportionation of U(V), while in carbonate solutions at pH>11, U(V) stayed as stable species.
In the course of the latter experiment, uranyl solutions changed its color from yellow to colorless. In spite of these studies, however, the redox property of uranyl ion in carbonate solutions has not been well understood and the assignment of colorless product is still somewhat uncertain.
In the present paper, we report the results of electrochemical studies on redox reactions of UO2(CO3)34-by using the cyclic voltammetry and the spectroelectrochemical technique with optically transparent thin-layer electrode (OTTE). Similar experiments were also carried out for uranyl aqua ion in acidic aqueous solutions in order to examine the difference in the redox reactions of uranyl ion in basic carbonate and in acidic aqueous solutions.
The results will be discussed in connection with the safety of the geological disposal.
II. EXPERIMENTAL
Materials
The Na4[UO2(CO3)3] complex was synthesized by the same method as reported in a previous paper (13) . Uranyl perchlorate solutions were prepared by the reported procedure (14) . The supporting electrolyte LiClO4 (Wako Pure Chemical Ind. Ltd., reagent grade) was used without further purification. All other chemicals used were reagent grade (Wako). Water used was purified by ion exchange resin, followed by twice distillations.
2. Methods Cyclic voltammetry (CV) was carried out under nitrogen atmosphere with a Hokuto Denko HA-501 potentiostat, a Hokuto Denko HB-104 function generator, a Hokuto Denko F-352 X-Y recorder, and a Bioanalytical System (BAS) CV cell. A three-electrode system was utilized, i.e. a BAS 11-2013 Pt working electrode (area=2 mm2), a BAS 51-2222 Pt auxiliary electrode, and a BAS RE-1B Ag/ AgCl (3 Ni NaCl) reference electrode. Spectroelectrochemical experiments were performed with the Hokuto Denko potentiostat and an OTTE cell coupled with a Hewlett-Packard HP-8452A diode-array spectrophotometer, which can measure a single spectrum from 190 to 820 nm by 0.1 s with a resolution of 2 nm. The OTTE cell consisted of a 100 mesh/in. 2 Pt minigrid (NILA-COPT-358100) working electrode, a Pt auxiliary electrode, and a Ag/Agel (3 M NaCI) reference electrode, which was the same as reported previously (1 5)~ (16) . The optical path length of OTTE was calibrated spectrophotometrically to be 0.078+-0.002 cm.
UV-visible spectra were monitored before and during the controlledpotential reduction of UO2(CO3)34-in carbonate solutions and UO22+ in acidic perchiorate solutions by using the spectroelectrochemical apparatus.
All sample solutions were deoxygenated by passing N2 gas into solutions for at least 10 min prior to experiments.
III. R ESULTS AND DISCUSSION

Carbonato Complex
The CV measurements were carried out for aqueous solutions containing 0.01
(1 M= 1 mol.dm-3) Na4[UO2(CO3)3] and 1 M Na2CO3. The potential was scanned between +0.4 and -0.88 V at a scan rate (v) of 0.4 V/s. In this potential range, the carbonate solution itself exhibited cathodic and anodic waves (broken line in Fig. 1) . Therefore, the cyclic voltammogram of UO2(CO3)34-in carbonate solutions was determined by compensating the signal of carbonate solution itself.
The result is shown as a solid line in Fig. 1 . A single cathodic peak (Epc) is observed at -0.86 V with a coupled anodic peak (Epa) at -0.64 V. Furthermore, the peak separation (DEp-=Epc-Epa) is 0.22 V, which is larger than 0.06 V expected for a reversible one-electron transfer process. The results suggest that UO2(CO3)34-in 1 M Na2CO3 solutions is reduced quasireversibly at the Pt electrode as follows : ( 1 ) In order to examine the electron stoichiometry (n-value) of Eq. ( 1 ) and to assign the reduction product, the spectroelectrochemical experiments were performed for the same solution as for the CV measurements by using the diode-array spectrophotometer equipped with OTTE cell. The applied potential (E) was changed stepwise from -0.7 to -0.90 V, under which condition UO2(CO3)34-should be reduced (Fig. 1) . The UV-visible spectra measured after the redox equilibria were achieved at the applied potentials of -0.7, -0.8, -0.825, -0.845, -0.875 and -0.9 V. The results are shown in Figs. 2 and 3 . The maximum band at 245 nm shifts to 225 nm weakening its intensity with raising negatively the applied potential.
The absorption bands in the range from 400 to 500 nm, which The appearance of isosbestic points at 366 and 388 nm indicates that only one product is formed by the electrochemical reduction in Eq. ( 1 ). Moreover, no gain is observed in the absorption in the region from 600 to 800 nm, indicating that U(IV) is not formed as the final product.
And then, the ratios of
at the corresponding applied potentials were determined from the absorbance at 448 nm. From the Nernstian plot shown in Fig. 4 , the values of E0 and n were evaluated as -0.85 +-0.01 V vs. Ag/AgCl (3 M NaCl) and 0.99 +-0.05, respectively. These results lead to a conclusion that UO2(CO3)34-in carbonate solution is reduced to U( V ) as follows : ( 2 ) where most plausible species of U( V ) seems to be UO2(CO3)35-, because the electrochemical reaction of Eq. ( 2 ) is quasireversible and the isosbetic points are observed in the electrochemical reaction as shown in Fig. 3 , and the concentration of CO32-is much larger than that of UO22+. And then, the molar extinction coefficient of U(V) species is very small in the whole visible region. This is consistent with the previous results that the reduced product of uranyl carbonate complex is colorless (8)~(12).
On the basis of these results, it is likely that in the groundwater containing excess carbonate ions uranyl ion is not reduced to U(V), because the potential of groundwater is generally around -0.3 V (vs. NHE).
Aqua Complex
In order to examine the electrochemical redox reactions of uranyl ion in acidic media, the CV experiments were carried out in aqueous solutions containing 0.01 M UO22+, 0.1 M HClO4, and 0.1 M LiCl04. The potential was scanned between +0.6 and -0. 3 V at different scan rates (0.3~0.9 V/s). Cathodic waves (Epc1) with a peak at around -0.2 V were observed with coupled anodic waves (Epai) with a peak at around -0.075 V as shown in Fig. 5 . This CV result is in fair agreement with previous reports (17)(18) where Epc1 corresponds to the reduction of UO22+ to UO2+ and Epa1 its reversal, i.e. the following reaction : ( 3 ) As seen in Fig. 5 , the peak potential separation (DE1=Epc1-Epa1) increases from 0.104 V at v=0.3 V/s up to 0.141 V at v=0.9 V/s, while the value of (Epc1+ Epa1)12 is nearly constant (-0.138 V) without depending on the scan rate. Furthermore, a plot of cathodic peak current (ipc1) vs. v1/2 showed a linear relationship suggesting that the process is diffusion controlled.
From the slope of such a plot, the diffusion coefficient was evaluated as 1.19x10-7 cm2/s by Nicolson & Shain method (19) . These results indicate that UO22+ in acidic perchlorate solutions is reduced quasireversibly to UO2+ at Pt electrode and that the formal redox potential (E0) is -0.138 V vs. Ag/AgCl (3 M NaCl). The quasireversible property of Eq. (3) might be associated with a coupling with chemical reaction such as Eq. ( 4 )(20) : ( 4 ) On the other hand, Sipos et al. reported that in acidic aqueous solutions (pH<1.5) UO2+
was reduced electrochemically as follows (18) :
In order to confirm the above reactions, the cyclic voltammograms and spectroelectrochemical experiments were carried out in the same solution as mentioned above by scanning between +0.6 V and -0.65 V at different scan rates (0.2~0.9 V/s). The results are shown in Fig. 6 . Two cathodic peaks and one anodic peak are observed at ca. -0.2, -0.4 and -0.075 V vs. Ag/AgCl (3 M NaCl). The coupled peaks at ca. -0.2 and -0.075 V correspond to Epcl and Epal in Fig. 5 , respectively. Hence, the second cathodic wave (Epc2) at ca.
-0.4 V is most likely attributed to the irreversible reduction of UO2+ to U(IV) such as Eq. ( 5 ). The spectroelectrochemical study was carried out to examine the electrochemical reaction of uranyl ion in acidic perchlorate solutions in more detail. The UV-visible spectra of UO22+ in perchlorate solution were recorded at 20 s interval by using the OTTE cell with the fixed applied potential at -0.4 V vs. Ag/AgCl (3 M NaCl), under which condition UO22* should be reduced to U(IV). The result is shown in Fig. 7 . The absorption bands at 426, 492, 548 and 646 nm, which are consistent with absorption peaks of U(IV), become intense with time. This result strongly supports that UO22+ in acidic perchlorate solution is reduced to U(IV) at Pt electrode (UO22+->U(V)->U(IV)) as follows :
UOOH +3H+ -> U4+ +2H20 ,
or UO2+ is reduced directly to U4+.
At present, we can not decide whether the reduction of UO2+ undergoes through UO0H+ by Eq. ( 5) or directly to U4+ by Eq. (7). However, the present results suggest that in the acidic groundwater under reduction environment uranyl ion is reduced to U(IV). 
